In surface environments, where photosynthesis fuels carbon fixation, 57 heterotrophic microorganisms gain energy from a combination of small molecules (<600-58 1000 Da), which can be taken up directly via general uptake porins (Benz and Bauer, 59 1988) and macromolecules, which must be broken down outside of the cell by 60 extracellular enzymes. Because most freshly-produced organic matter is macromolecular 61 and large molecules tend to be more bioavailable than small ones (Benner and Amon, 62 2015), the nature and activity of extracellular enzymes present in surface environments is 63 a major control on the rate of microbial carbon oxidation in such environments. 64
Introduction

51
Marine sediments are one of the largest microbial environments on earth 52 (Kallmeyer et al. 2012 ). Many sedimentary microbes appear to be heterotrophs, slowly 53 metabolizing organic matter (Jørgensen and Marshall, 2016; Biddle et al., 2006) , but the 54 mechanisms by which these heterotrophs access old, unreactive organic carbon remain 55 poorly characterized. 56
In surface environments, where photosynthesis fuels carbon fixation, 57 heterotrophic microorganisms gain energy from a combination of small molecules (<600-58 1000 Da), which can be taken up directly via general uptake porins (Benz and Bauer, 59
1988) and macromolecules, which must be broken down outside of the cell by 60 extracellular enzymes. Because most freshly-produced organic matter is macromolecular 61 and large molecules tend to be more bioavailable than small ones (Benner and Amon, 62 2015), the nature and activity of extracellular enzymes present in surface environments is 63 a major control on the rate of microbial carbon oxidation in such environments. these studies examined few samples, and only limited enzymatic classes and sample 72 numbers were assayed. It is possible that, like heterotrophs in surface environments, 73 heterotrophs in subsurface environments mainly gain access to organic carbon via 74 extracellular enzymes. On the other hand, some of the unique aspects of subsurface 75 sediments suggest that extracellular enzymes might not be an effective strategy to obtain 76 carbon or energy. First, subsurface sediments contain markedly fewer bioavailable 77 compounds such as amino acids and sugars than do surface sediments (Burdige, 2007) . 78
Therefore, these compounds may be insufficiently abundant to be viable heterotrophic 79 measuring potential activities (i.e., the capacity of the enzyme to catalyze hydrolysis if 113 substrate concentrations were not limiting) and substrate affinities of microbial 114 extracellular enzymes, we illuminated some of the mechanisms by which subsurface 115 heterotrophic communities access organic carbon. 116 Sciences (University of North Carolina) at Morehead City, where they were sectioned 129 and processed for enzyme activities, porewater geochemistry, and cell counts within 6 130 hours of sample collection. Porewater sulfate in 2013 was depleted by 43.5 cm, and 131 methane peaked at 79.5 cm (Fig S1) . In 2014, cores were transported on the day of 132 sampling to the University of Tennessee, Knoxville, stored at 4 °C, and processed for 133 enzyme activities the following day. Samples for metagenomic analysis were collected 134 separately in October 2010 from three sites (sites 1, 2, and 3, as previously described by since not all of the peptidases were binned, we used top matches to NCBI to identify the 157 unbinned genes. The majority of the Archaea present in the shallow (8-12 cm) sulfate-158 rich zone were confidently binned, thus were used to determine the relative contributions 159 of archaeal extracellular peptidases (Fig 1b) . A smaller proportion of the bacterial 160 peptidase genes were (68% of SRZ, 24% of SMTZ, and 27% of MRZ) confidently 161 binned, therefore, classification was based on top BLAST hits to NCBI. These 162 classifications were then refined using the bin assignments. 163 ENZYME ASSAYS 164 Enzyme assays were performed using different protocols in 2013 versus 2014. In 165 2013, enzyme assays were performed according to a protocol similar to the one described 166 in Lloyd et al (2013) . Cores were sectioned into 3 cm intervals. The following intervals 167 were selected for enzyme assays: 0-3 cm, 3-6 cm, 27-30 cm, 57-60 cm, and 81-83 cm. 168
Materials and Methods
117
Each section was homogenized, and approximately 0.5 ml wet sediment was transferred 169 into separate 5 ml amber glass serum vials, which had been pre-weighed and preloaded 170 with 4 ml anoxic artificial seawater (Sigma Sea Salts, salinity = 15, pH=7.5) Samples 171 were weighed again to determine the precise mass of wet sediment added, and then an 172 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/080671 doi: bioRxiv preprint first posted online Oct. 13, 2016; appropriate quantity of 20 mM peptidase substrate stock dissolved in DMSO was added, 173 up to 90 µL, for final substrate concentrations of 0, 25, 50, 75, 100, 200, or 300 µM. 174
Triplicate incubations with 400 µM Arg-AMC, Gly-AMC, Leu-AMC and Gly-Gly-Arg-175 AMC were also created, but these were omitted for Ala-Ala-Phe-AMC and Boc-Phe-Val-176
Arg-AMC because the latter two substrates are considerably more expensive than the first 177 four substrates. Each serum vial was vortexed, briefly gassed with N 2 to remove oxygen 178 introduced with the sample, and approximately 1. Here, m w represents mass lost after drying, ρ w represents the density of pure water, m d 220 represents the mass of the dry sediment, S represents salinity in g kg -1 , and ρ ds represents 221 the density of dry sediment (assumed to be 2.5 g cm -3 ). Porewater sulfate concentrations 222
were measured using a Dionex Ion Chromatograph (Sunnyvale, CA) in porewater that 223 was separated by centrifugation in 15 ml centrifuge tubes at 5000 × g for 5 minutes, 224 filtered at 0.2 µm, and acidified with 10% HCl. Methane was measured using 3 ml 225 sediment subsamples that were collected from a cutoff syringe, entering through the side 226 of a core section, immediately after core extrusion. Subsamples were deposited 227 immediately in a 20 ml serum vial containing 1 ml, 0.1 M KOH. These were immediately 228 stoppered and shaken to mix sediment with KOH. Methane was later measured by 229 injecting 500 µl of bottle headspace into a GC-FID (Agilent, Santa Clara, CA) using a 230 headspace equilibrium method (Lapham et al., 2008) . 231 The flux of reactive organic carbon to 4.5 cm was calculated from the sulfate flux across 256 the 4.5 cm horizon and an estimate of methane burial below the lower boundary (the 257 methane flux at the upper boundary was observed to be zero), with an assumed oxidation 258 state of reactive carbon of -0.7. The model contains four adjustable parameters that are 259 set to capture the major details of measured sulfate and methane data: first-order rate 260 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/080671 doi: bioRxiv preprint first posted online Oct. 13, 2016; constants for both fractions of the reactive carbon pool; the partitioning factor for both 261 fractions, and the rate constant for methane oxidation. 262
Results and Discussion
263
A total of 3739 genes encoding extracellular peptidases were identified among 264 metagenomes from the three depth zones examined, including 685 from SRZ, 1994 from 265 SMTZ, and 1060 from MRZ. Of the genes encoding for peptidases, 0-71% (depending on 266 algorithm and sediment depth) contained a signal peptide and are likely secreted by the 267 SEC-dependent transport system. Among the genes with signal peptidases, zinc 268 carboxypeptidases, peptidases of class C25 and genes of the clostripain family are most 269 likely to be secreted (Table S3) . We note that alternative secretion pathways exist, 270
including bacterial lysis and Sec-independent secretion systems (Bendtsen et al., 2005) , 271 although the importance of these systems has not to our knowledge been assessed. At all 272 three depths, peptidases of class C25, belonging to the gingipain family, were the most 273 abundant extracellular peptidases (Fig 1a) . Gingipains are endopeptidases (i.e., enzymes 274 that cleave proteins mid-chain rather than from the N-or C-termini) with strong 275 specificity for the residue arginine on the N-terminal side of the scissile bond (Rawlings 276 and Barrett, 1999). Bathyarchaeota, which are abundant in sediments of the White Oak 277
River, use extracellular gingipain (among other peptidases) to degrade detrital protein-278 like organic matter (Kubo et al., 2012; Lloyd et al., 2013b) . Genes annotated as encoding 279 extracellular methionine aminopeptidases and zinc carboxypeptidases were also 280 abundant. The composition of protein families was generally consistent with depth, but 281 genes for clostripain (another endopeptidase with preference for Arg N-terminal to the 282 scissile bond) and S24 peptidases (a regulatory peptidase involved in the SOS stress 283 response) were slightly enriched in the SMTZ. 284
In SRZ, Bacteria accounted for 61% of genes for extracellular peptidases for 285 which a lineage could be assigned, increasing to 69% in MRZ (Fig 1b) . Archaeal 286 peptidases decreased from 39% in SRZ to 30% in MRZ, while Eukaryota accounted for 287
<1.5% at all depths. Consistent with this distribution, bacteria make up ca. 40-60% of 288 cells in White Oak River sediments as determined by CARD-FISH counts, with no 289 pronounced depth trend (Lloyd et al., 2013a) . Since the majority of the archaeal 290 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/080671 doi: bioRxiv preprint first posted online Oct. 13, 2016; peptidases in the SRZ were assigned to genomic bins, we were able to accurately classify 291 them. Interestingly, over half of the archaeal SRZ peptidases belong to marine benthic 292 group D (MBG-D) genomic bins (Fig 1c) . Little is known about the ecological 296 roles of these novel Archaea. It has recently been shown that they contain metabolic 297 pathways for the degradation of proteins and acetogenesis . Sources of 298 bacterial peptidases varied less with depth than sources of archaeal peptidases, with 299 Proteobacteria, Bacteroidetes, and Firmicutes among the dominant phyla (Fig 1d) . 13-300 20% of extracellular peptidase genes belonged to bacteria but could not be assigned a 301 phylum, and 19-22 phyla contributed extracellular peptidases at each depth. 302
Deltaproteobacteria and Gammaproteobacteria dominated the SRZ community at the 303 White Oak River (Baker et al., 2015) , and accordingly the largest portion of the 304 extracellular peptidases also belong to them. These phylogenetic groups decrease with 305 depth in the SMTZ and MRZ, however, Deltaproteobacteria contribute a large portion of 306 extracellular peptidases downcore. Although these groups are commonly thought to rely 307 on sulfur and nitrogen respiration, these genomes were shown to contain metabolic 308 pathways for the degradation and fermentation of organic carbon (Baker et al., 2015) . 309
Additionally, several phyla thought to be involved in fermentation of detrital carbon 310 including Clostridia, Bacteroidetes, Planctomycetes, and the candidate phyla radiation 311 (CPR) constitute larger portions of the peptidases in the SMTZ and MRZ. 312
Bioinformatic tools are a powerful way to investigate the potential of microbial 313 communities to oxidize complex organic molecules, but these tools do not provide 314 information about the expression level of genes or the in situ activities of gene products 315 and annotation algorithms often fail to identify the precise function of hydrolases, 316 particularly in deeply-branching lineages (e.g., Michalska et al., 2015) . Thus, we 317 measured the potential activities of a wide range of extracellular peptidases in the WOR 318 sediments. In 2013 (when the assay protocol used was more sensitive), all six peptidase 319 substrates tested were hydrolyzed faster in untreated sediments than in autoclaved 320 (Fig 2, Fig S2) . Together, these lines of evidence show that the observed substrate hydrolysis was due to 328 extracellular peptidases rather than abiotic factors. Combining data from all three 329 sampling dates, unambiguous hydrolysis of eleven different peptidase substrates was 330 observed. 331
The diverse substrates used in this study were apparently cleaved by a wide 332 variety of peptidases, including aminopeptidases (peptidases that cleave an N-terminal 333 amino acid from a protein) and endopeptidases (peptidases that cleave internal peptide 334 bonds). Peptide bonds adjacent to a diverse set of amino acid residues were cleaved, 335 including glycine (the smallest amino acid), phenylalanine (among the largest amino 336 acids), arginine (positively charged at porewater pH) and leucine (uncharged, 337 hydrophobic). Individual extracellular peptidases can often accept a fairly broad range of 338 substrates, and sometimes a substrate may primarily be hydrolyzed by an enzyme that 339 exhibits maximal activity towards a different substrate. For instance, in pelagic samples 340 from Bogue Sound, an estuary in North Carolina, the substrate Leu-AMC, which is 341 putatively a substrate for leucine aminopeptidase, was hydrolyzed more by arginine 342 aminopeptidase than by leucine aminopeptidase (Steen et al., 2015) . Nevertheless, the 343 large diversity of substrates that were hydrolyzed in this study suggests a diverse set of 344 peptidases, as has previously been observed in pelagic samples (Obayashi and Suzuki, 345
2008, 2005; Steen and Arnosti, 2013). 346
Bulk enzyme activities (V max values) decreased with increasing depth (Fig 3a) . 347
However, no trend was evident in V max values expressed per cell (Fig 3b) , and V max 348 expressed relative to bulk organic carbon oxidation rate increased downcore by nearly 349 two orders of magnitude (Figs 3c-d value of that ratio is sensitive to the precise set of enzyme included in the sum, but the 363 trend is clear: as sediment depth increased, the potential activity of extracellular 364 peptidases increased faster than the actual rate of organic carbon oxidation. V max is a 365 rough proxy for the concentration of enzymes in an environment, so an increase in V max 366 relative to carbon oxidation rate suggests that subsurface microbial communities 367 produced similar quantities of enzyme per cell as surface communities, but those 368 enzymes returned less bioavailable organic matter, presumably due to lower substrate 369
concentrations. 370
In the sense of bulk activities, therefore, subsurface heterotrophic communities in 371 WOR seem to be similar their surface counterparts in terms of reliance on extracellular 372 enzymes to access organic matter, although metabolisms are slower in the subsurface. 373
However, there are indications from enzyme kinetics and activities of specific enzymes 374 that subsurface communities are specialized for their environment. Peptidase K m values 375 decreased with increasing depth (Fig 4, ANCOVA, F The absence of a major trend in cell-specific extracellular peptidase activities with 439 depth in the White Oak River indicates that subsurface heterotrophic microbial 440 communities rely on extracellular enzymes to access organic carbon to a similar degree 441 as communities in rapidly-changing environments such as surface seawater. However, the 442
nature of the enzymes, as reflected by their substrate affinities, the specific distribution of 443 enzyme activities, and the distribution of peptidase genes, changes with depth. These 444 changes are consistent with community-level adaptation to consuming degraded, 445 
